ozonolysis have been extensively studied. [13] [14] [15] [16] [17] [18] The mass spectra of standard particles generated from dicarboxylic acid solutions using an atomizer were also measured for the sake of analysis of the mass spectra of the SOA particles in the chamber experiments. It will be demonstrated that the LISPA-MS technique is a useful tool to reveal the formation and transformation processes of SOA particles in smog chambers.
Experimental

Laser-ionization single-particle aerosol mass spectrometer (LISPA-MS)
A schematic diagram of the particle inlet and the ion source region of the LISPA-MS is shown in Fig. 1a . Aerosol particles are introduced into an aerodynamic lens through a flow-limiting molybdenum orifice with a diameter of 300 μm. In the reduced pressure region, particles are horizontally focused into a narrow particle beam (∼1 mm diameter) in the center of the gas flow by the aerodynamic lens. 19 The aerodynamic lens is a 15 mm inside diameter and 300 mm long stainless-steel tube with six orifices (3 -5 mm diameter) inside. After exiting the lens, the particle beam is transmitted into the ion source region through differentially pumped stages with two skimmers (Precision Instrument Services). The first skimmer has an aperture of 1 mm and the second 0.7 mm. The pressure of the ion source region is decreased to ∼10 -3 Pa when the flow rate of sample air is ∼700 sccm (cc min -1 under standard conditions). For detecting the particles introduced into the ion source region, a continuous-wave laser beam, produced by a frequency-doubled Nd:YAG laser at 532 nm (100 mW), crosses the particle beam at an angle of 60˚, as shown in Fig. 1a . The scattered light from the individual particles at 532 nm is detected by a photomultiplier tube (PMT, Hamamatsu, 1P28A), which is aligned at an angle of 60˚ with the particle beam and with the detection laser beam. A set of two quartz lenses (50 mm diameter) focuses the scattered light onto the photocathode, and a bandpass filter is installed just in front of the PMT. The intensity of the scattered light is approximately proportional to the particle size, and is utilized for roughly determining the particle size. The particle size calibration of the LISPA-MS is determined by sampling dry polystyrene latex particles (Duke Scientific and JSP). The detection efficiency for particles smaller than the wavelength of the detection laser light is very low due to the Mie scattering process. Thus, the lower limit of the detected particle diameter is ∼200 nm. The signals from the PMT are amplified and discriminated, and those above a selectable threshold level trigger desorption/ionization laser pulses. A pulsed KrF excimer laser at 248 nm (Lambda Physik, OPTex) is used as a light source for the desorption/ionization of particles. As shown in Fig. 1a , the 248 nm laser beam is aligned collinearly with the particle beam and focused by a quartz lens (f = 300 mm) onto the center of the ion source region. The irradiation of the 248 nm laser pulse is delayed by 1.8 μs after the detection of scattered light to distinguish the PMT signals of the detection laser and of the desorption/ionization laser. During this period, the detected particles barely move (<1 mm) along the collinear line. Therefore, the desorption/ionization of the particles virtually takes place at the center of the ion source region. The pulse energy of the 248 nm laser is ∼1 -2 mJ with 20 ns pulse duration, which provides a power density of ∼1 × 10 7 W cm -2 when the laser spot size is 1 mm.
A schematic diagram of the ion source region and reflectron time-of-flight mass spectrometer of the LISPA-MS is shown in Fig. 1b . The resultant ions are accelerated from the ion source region to the reflector assembly, and are then detected by a microchannel plate detector (MCP, Hamamatsu). Time-offlight mass spectrometry (TOF-MS) is well suited to the pulsed nature of the desorption/ionization laser. The pressure in the TOF-MS chamber is ∼10 -5 Pa. By monitoring the ion current from the MCP as a function of time, a complete mass spectrum is obtained for the chemical compositions of a single particle. The ion signals from the detector are amplified linearly, digitized, and recorded as mass spectra with a high timeresolution (∼2 s at the maximum). Either the positive or negative-ion mass spectra are obtained for individual particles by changing the voltage polarity of the ion source region and the TOF-MS.
Smog chamber experiments
Laboratory studies were conducted by using an indoor evacuable and bakable photochemical smog chamber at National Institute for Environmental Studies (NIES). The chamber is a stainless-steel cylinder having a volume of 6.065 m 3 , a length of 3500 mm and an inner diameter of 1450 mm. The inner surface of the chamber is Teflon-coated (tetrafluoroethylene-perfluoroalkyl vinyl ether copolymer). The chamber has 20 m 2 of a Teflon-coated surface and 2 m 2 of a glass and quartz surface, resulting in an S/V ratio of 3.7 m -1 . The details of the NIES smog chamber are described in the literature. 20 The NIES smog chamber was filled with 760 Torr of dry 508 ANALYTICAL SCIENCES MAY 2007, VOL. 23
Fig . 1 Diagrams of (a) the particle inlet and the ion source region of the laser-ionization single-particle aerosol mass spectrometer (LISPA-MS) and (b) the ion source region and reflectron time-offlight mass spectrometer of the LISPA-MS. purified air prior to introducing the reactants. Ozone was introduced into the chamber from an ozone generator (Iwasaki, OP-20W). The reaction started by following the introduction of cyclohexene (99% purity, Aldrich), which was used without further purification. The initial conditions for each run of the cyclohexene ozonolysis are given in Table 1 . The reactant mixture was stirred well with a mixing fan for a few minutes after introducing cyclohexene into the chamber. Each run was performed in the dark under a dry condition (relative humidity < 1 ppmv) without any seed particles or hydroxyl radical scavengers, and was typically terminated within ∼60 min. During each run, the SOA particles formed in the chamber were sampled through a 1/4 inch diameter × ∼3 m length stainlesssteel tube, and were directly introduced to the LISPA-MS. By using a scanning mobility particle sizer instrument (SMPS; TSI, Model 3934), we confirmed that the SOA particles formed from the cyclohexene ozonolysis had a detectable size (> ∼200 nm) within a few minutes. The concentrations of the gaseous reactants were measured every 6 min by an FT-IR spectrometer (Nicolet, Nexus 670) equipped with a liquid N2-cooled MCT detector. The spectral resolution was 1.0 cm -1 . The spectrometer was coupled to a white mirror system (base path 1700 mm), which was operated at 130 traverses, giving a total absorption path length of 221.5 m including the transfer path. The details of SOA formation studies by using the NIES smog chamber are described in the literature.
17,21
Generation of standard aerosol particles
For the sake of analyzing the mass spectra of the SOA particles formed from the cyclohexene ozonolysis, standard particles generated from dicarboxylic acid solutions using an atomizer were measured by the LISPA-MS. Dicarboxylic acids are major products formed from cyclohexene ozonolysis. 13, 14 Dicarboxylic acids are also ubiquitous water-soluble organic compounds in atmospheric aerosol particles, and are produced from both primary sources 22, 23 and secondary atmospheric chemistry. 24 Oxalic, malonic, maleic, and glutaric acids (> 98% purity, Wako Pure Chemical Industries) were used as standard dicarboxylic acids. Each dicarboxylic acid was dissolved in distilled water (about 1% w/v). The solutions were atomized by using a compressed air nebulizer (about 3 L min -1 ) for generating standard aerosol particles. The generated aerosol particles passed through a home-built diffusion drier, which was filled with silica gel. The resultant dried aerosol particles were directly introduced to the LISPA-MS. The standard mass spectra of dicarboxylic acid particles described in this paper were obtained by averaging a minimum of 50 spectra, namely, 50 particles.
Results and Discussion
Mass spectra of dicarboxylic acid standard particles measured by the LISPA-MS
The averaged positive and negative-ion mass spectra of oxalic acid (MW 90) standard particles are shown in Fig. 2 . The negative-ion mass spectrum provides information about the molecular weight of oxalic acid, whereas the positive-ion mass spectrum contains almost no information about it. In the negative-ion spectrum, the most intense peak was observed at m/z 89, as shown in Fig. 2b . This ion is a molecular-related negative ion [M-H] -. Molecular-dimer-related ion [2M-H] -at m/z 179 also appeared with a definite signal intensity in the negative-ion spectrum. In the negative-ion spectrum, the signal intensities of fragment ions were weaker than that of [M-H] -. In the positive-ion spectrum, the most intense peak was observed at m/z 40, as shown in Fig. 2a . This ion can be attributed to C2O + or C3H4 + . The intense peaks observed at m/z 12 and 24 in the positive-ion spectrum are attributable to carbon cluster ions (Cn + ). Figure 3 shows the averaged negative-ion mass spectra of malonic acid (MW 104), maleic acid (MW 116), and glutaric acid (MW 132) standard particles. In the negative-ion spectra, molecular-related ions [M-H] -(at m/z 103, 115, and 131 in Figs. 3a, 3b , and 3c, respectively) were obviously observed with remarkable intensities, although a few fragment ions were observed. The dominant molecular-related ions [M-H] -in the negative-ion mass spectra for strait-chain dicarboxylic acid particles were found for the first time. These results indicate that organic compounds containing carboxyl group in aerosol particles provide intense molecular-related ions [M-H] -and a few weak fragment ions in the negative-ion mass spectra under our experimental conditions, so that their molecular weights, namely, parent molecules can be inferred through observations of molecular-related ions in the negative-ion spectra. The positive-ion mass spectra of those compound particles were similar to that of oxalic acid. Figure 4 shows temporal profile of cyclohexene and ozone concentrations in the cyclohexene ozonolysis. The reaction well proceeded within 60 min. The representative positive and negative-ion mass spectra of single SOA particles are shown in 509 ANALYTICAL SCIENCES MAY 2007, VOL. 23 SOA formation from cyclohexene ozonolysis has been studied extensively. [13] [14] [15] [16] [17] [18] Because cyclohexene has a double bond in the six-membered ring, O3 can attack the double bond, leading to an energy-rich Criegee intermediate. 25 The following reactions of the intermediates form organic compounds with two functional groups (aldehyde and/or carboxyl groups) as the major products. Table 2 lists the m/z values observed as intense ions in the negative-ion spectra, and their possibly corresponding mass (MW ≥ 50). The compounds, which have the corresponding mass and are reported as major particulate products formed from cyclohexene ozonolysis, 14, 16, 18 are also listed in Table 2 along with those structures. In the negative-ion mass spectra, the ions formed by proton elimination of the major particulate products formed from the cyclohexene ozonolysis were observed as intense mass peaks. For example, adipic, glutaric, and 5-oxo-pentanoic acids (MW 146, 132 and 116, respectively) are major particulate products, 13, 14, 16 
Mass spectra of SOA particles measured by the LISPA-MS
and their molecular-related ions [M-H]
-(m/z 145, 131, and 115) were obviously observed as intense mass peaks in the negative-ion spectra, as shown in Fig. 5b . Most of the intense mass peaks in the negative-ion spectra can be assigned to the compounds reported as particulate products from cyclohexene ozonolysis, 14, 16, 18 whereas the mass peaks at m/z 57, 59, and 81 may not be assigned to the known products. It is likely that most of the ions appearing in the negative-ion spectra of the SOA particles consist of molecular-related ions [M-H] -formed by proton elimination from the reaction products and fragment ions, as discussed above for the dicarboxylic acid standard particles. Therefore, the negative-ion mass spectra provide important information to investigate the SOA formation processes.
The C2 -C6 dicarboxylic acids are formed by the following reaction of the Criegee intermediate formed from cyclohexene ozonolysis, as shown in Fig. 6 . [13] [14] [15] The relationships between the signal intensities of the ions derived from C4 -C6 dicarboxylic acids are shown in Fig. 7 . The signal intensities of the ions in Fig. 7 throughout the reaction. The result between adipic and glutaric acids in our present study is consistent with that reported by Hatakeyama et al. 13 They observed that the ratio of the total C5 compounds to the total C6 compounds in particulate products in cyclohexene ozonolysis is constant and independent of the reaction time. 13 The formation pathways of adipic and glutaric acids are probably analogous throughout the reaction. 13, 15 The poor correlation between m/z 131 and 117 indicates that the ratios of glutaric and succinic acids in the individual SOA particles are variable while the reaction proceeds. The result between glutaric and succinic acids might suggest that the formation pathways of the C5 and C6 dicarboxylic acids and C2 -C4 dicarboxylic acids are different.
The ions at m/z 161 and 147, which are derived from hydroxyadipic acid (MW 162) and hydroxy-glutaric acid (MW 148), respectively, were observed in the negative-ion mass spectra, as shown in Fig. 5b . Hydroxy-dicarboxylic acids are major particulate products formed from cyclohexene ozonolysis; 14, 16, 18 however, the formation mechanisms of hydroxy-dicarboxylic acids are not well understood. Aschmann et al. 26 reported that hydroxy-1,6-hexanedial (MW 130), which can be the precursor of hydroxy-adipic acid, is a gaseous product formed from cyclohexene ozonolysis. However, hydroxy-1,5-pentanedial (MW 116), which can be the precursor of hydroxy-glutaric acid, is not detected in the gaseous products in their study. 26 In our present study, the ions at m/z 161 (hydroxy-adipic acid) were not well correlated with those at m/z 147 (hydroxy-glutaric acid) (r 2 = 0.49). The results reported by Aschmann et al. 26 and our result suggest that the formation mechanisms of hydroxy-adipic and hydroxy-glutaric acids are different, whereas the formation mechanisms of adipic and glutaric acids are analogous, as described in the previous section.
Distributions of the ion signal intensities in the negative-ion mass spectra changed as a function of the reaction time. Figure  8 shows the averaged negative-ion spectra of twenty SOA particles (a) at the beginning of the reaction (∼3 min from the start of the reaction) and (b) after the reaction had well proceeded (∼63 min from the start of the reaction). The signal intensity ratios at m/z 145 (adipic acid) to 129 (6-oxo-hexaonic acid) and at m/z 131 (glutaric acid) to 115 (5-oxo-pentanoic acid) are different between the two spectra, as shown in Fig. 8 . The ratios of m/z 145 to 129 are 1.4 ± 0.6 for Fig. 8a (∼3 min) and 1.9 ± 0.6 for Fig. 8b (∼63 min) . The ratios of m/z 131 to 115 are 0.6 ± 0.4 for Fig. 8a (∼3 min) and 1.8 ± 0.9 for Fig. 8b (∼63 min). The increase of those ratios support that dicarboxylic acids are formed by the oxidation of oxo-carboxylic acids as a function of the reaction time; namely, the oxidation of the SOA particles proceeds with the reaction time. 13 
Conclusions
In this paper, we have presented the application of the LISPA-MS technique to study of SOA particles formed from cyclohexene ozonolysis. For the sake of analyzing the spectra of the SOA particles, the standard particles generated from solutions of dicarboxylic acids, which are major particulate products from cyclohexene ozonolysis, were also analyzed by the LISPA-MS. We showed that the negative-ion mass spectra 511 ANALYTICAL SCIENCES MAY 2007, VOL. 23 of the dicarboxylic acid standard particles were characterized by intense molecular-related ions [M-H] -, while the positive-ion mass spectra of those were by fragment ions. The mass spectral analysis of the SOA particles indicated that most of the intense mass peaks in the negative-ion spectra also consisted of molecular-related ions [M-H] -of the reaction products. The correlation between the ion signal intensities in the negative-ion spectra of the SOA particles provide information about the formation reaction pathway of dicarboxylic and hydroxydicarboxylic acids in the cyclohexene ozonolysis.
The distributions of intense ions in the negative-ion spectra varied as a function of the reaction time, suggesting that the SOA particles are oxidized as a reaction of time. We demonstrated that the real-time single-particle analysis of the individual SOA particles with high time-resolution by the LISPA-MS technique can be used to investigate the formation and transformation processes of SOA particles in smog chambers.
